ABSTRACT: This paper investigated the highway stormwater quality at two Texas cities-Austin and College Station. Two highways with high average daily traffic were monitored using passive stormwater samplers for collecting first-flush runoff during a 16-month period. Detailed traffic and weather data were collected at College Station sites, but only weather data were obtained at Austin sites. A stepwise regression analysis on College Station data identifies the antecedent dry period (ADP) as the most significant predictor of pollutant concentration. Specifically, the College Station data show an unexpected result that pollutant event mean concentrations significantly decrease with increasing ADP for all analyzed pollutants. However, the runoff concentrations observed in Austin were not significantly correlated with ADP. The result from College Station data provides a different insight to the pollutant buildup and removal process on highways. Conceptual highway pollutant buildup and removal models are proposed for generating further discussion and research interest. Water Environ. Res., 80, 740 (2008).
Introduction
Following the enactment of the Clean Water Act in 1972, many studies of highway stormwater quality were initiated (Bell and Wanielista, 1979; Irwin and Losey, 1978; Moe et al., 1978; Wiland and Malina, 1976) . Subsequently, many field monitoring programs have been conducted in characterizing highway stormwater pollutants Chui et al., 1982; Driscoll et al., 1990; Li et al., 2008; Moe et al., 1978; Wu et al., 1998) , and several studies specifically investigated the pollutant buildup and removal mechanisms Kerri et al., 1985; Kim et al., 2006; Moe et al., 1978; Sartor and Boyd, 1972; Sutherland and Jelen, 1996) . A thorough literature review by Irish et al. (1995) reports that there are three sources of pollutants in highway runoff-vehicle, atmospheric deposition, and road bed material. There are also multiple mechanisms in removing pollutants from highways, including physical forces, such as wind (natural or vehicle-induced), stormwater runoff, and street sweeping, and biochemical processes, such as volatilization, biodegradation, and chemical decay.
Variables that are most often reported to be associated with pollutant buildup and removal include average daily traffic (ADT), antecedent dry period (ADP), vehicles during a storm (VDS), average traffic counts during the antecedent dry period (ATC), and rainfall volume. High ADT (above 30 000) has been consistently associated with higher pollutant concentrations Driscoll et al., 1990; Wu et al., 1998) . The ADP is considered to have a positive linear or nonlinear correlation with pollutant buildup (Hewitt and Rashed, 1992; Irish et al., 1998; Kim et al., 2006; Moe et al., 1978; Sartor and Boyd, 1972) . However, this relationship is also shown in other studies to be non-existent or insignificant Harrison and Wilson, 1985; Horner et al., 1979; Kerri et al., 1985; Kim et al., 2004) . The pollutant buildup is also found to be significant during a storm when the pavement is wet (Asplund et al., 1980; Chui et al., 1982; Kerri et al., 1985) or during rainy seasons (Sutherland and Jelen, 1996) . High ATC, while believed to also increase pollutant loading, is only marginally stronger than ADP . Many have reported that a large runoff volume dilutes the pollutant concentration in runoff Dorman et al., 1996; Driscoll et al., 1990) . The relationship between ATC and pollutant concentration is also regarded as insignificant (Barrett, Walsh, Malina, and Charbeneau, 1998) .
As summarized above, it is apparent that highway pollutant buildup and removal are very complex processes Sutherland and Jelen, 1996) . This was also concluded by Zoppou (2001) , who reviewed 125 urban stormwater-modelingrelated pieces of literature and extensively assessed 12 urban stormwater models, including the widely used Storm Water Management Model (SWMM) (Huber and Dickinson, 1988) . Zoppou (2001) concluded that ''buildup and washoff of pollutants is not very well understood' ' (p. 225) .
This paper is intended to encourage additional analysis of highway pollutant buildup and removal processes prompted by the unexpected result found for the relationship between ADP and pollutant concentration. Based on the unexpected finding, the authors proposed conceptual models of highway pollutant buildup and removal mainly for generating discussion and research interest, despite limited evidence found in the present study. The purpose is not to overlook the unexpected result, because the influence on stormwater quality modeling could be significant. The present study used field monitoring to collect first-flush highway stormwater samples at two Texas cities representing the south United States. Variables, including ADP, VDS, ATC, and rainfall volume, were analyzed to determine their associations with pollutant concentration.
Methodology
Field monitoring of highway stormwater runoff was conducted for the study. To represent a broad region, three sites each in two Texas cities-Austin and College Station-were chosen for monitoring during the period February 2004 to May 2005. All of the monitoring sites had high ADT (.30 000 vehicles per day), but differed slightly in their drainage areas and side slopes. None of the monitored sections had curbs at the edge of pavement. The site information is summarized in Table 1 .
Hypothesis. Two null hypotheses (intended to be rejected) were tested in this study. First, regardless of whether they have curbs, urban highways behave in the same manner in pollutant buildup and removal processes. Second, urban highways in Austin and College Station behave differently in pollutant buildup and removal processes.
Site Description. Austin I (A-I). This site is located at the Loop 360 roadside adjacent to the southbound lanes, north of FM 2222. The surrounding land is used as an office complex with a parking lot.
Austin II and III (A-II and A-III). These two sites are near each other and located at the Loop 360 roadside adjacent to the northbound lanes, 2.4 km north of the Loop 360 and Mopac interchange.
College Station I, II, and III (CS-I, CS-II, CS-III). These three sites are within a 1.3-km stretch and located at the State Highway 6 roadside adjacent to the southbound lanes, between University Drive and Harvey Road. The surrounding land use is a commercial strip development, which includes big box retail and a hospital.
Site Setup and Data Collection. Passive first-flush stormwater samplers were installed on each monitoring site near the edge of the highway pavement, to capture the untreated stormwater runoff. For the samplers to collect runoff, 5 plugs on top of the sampler are removed manually. The runoff enters the sampler by gravity, and buoyancy closes the valves when the sampler is full. The sampler has a capacity of 5 L and is typically filled up by overland flows within approximately 45 minutes.
The objective of the sample collection was to sample each storm during the 16-month monitoring period. Because of the use of nonautomated, passive samplers, not all storms could be effectively sampled. In fact, each successful sampling relied on several factors, including personnel availability, weather forecast, functioning samplers, and collected sample amount. The samplers typically needed a rainfall depth of 2.5 mm or greater to collect sufficient quantity for a complete constituent analysis. Preparatory activities were performed at each site before each predicted storm event, including removal of trash and debris accumulated during the non-operated periods. In total, stormwater samples of 10 storm events in College Station and 12 storm events in Austin were successfully collected during the 16-month monitoring period. Samples were analyzed by a U.S. Environmental Protection Agency (Washington, D.C.) (U.S. EPA) certified laboratory of the Lower Colorado River Authority (Austin, Texas) (LCRA).
The College Station sites were next to a real-time traffic count facility with a weather station, operated by the Texas Transportation Institute (College Station, Texas). Traffic and weather data from the facility were used to determine rainfall volume, ADP, VDS, and ATC. The Austin sites, however, only had on-site rain gauges for measuring rainfall depths. The ADP for the Austin sites was additionally recorded by researchers.
Pollutant Analysis. Samples were analyzed in the LCRA laboratory for total suspended solids (TSS), total Kjeldahl nitrogen (TKN), nitrate and nitrite (NO 312 -N), total phosphorus (TP), dissolved phosphorus (DP), total copper (TCu), dissolved copper (DCu), total lead (TPb), dissolved lead (DPb), total zinc (TZn), dissolved zinc (DZn), and chemical oxygen demand (COD). Because the passive samplers primarily collect first-flush samples, the analyzed pollutant concentrations represent first-flush event mean concentrations (EMCs) during the initial filling period, which ranges from several minutes to approximately 45 minutes, depending on the flowrate. It should be noted that there are limitations associated with the use of passive samplers. Details are discussed in the Discussion section.
Statistical Methods. The normality of the EMC data was examined before analysis. Data were log-transformed to meet the normal distribution criteria, as recommended by Strecker et al. (2001) . Only one outlier (out of 684 total data points) was removed using the Dixon-Thompson test (Dixon, 1953 ) with a 95% confidence interval. A stepwise regression analysis was performed to find the predictors of highway runoff quality. The significance level (a) of 0.05 was selected.
Results
Water Quality of Highway Runoff. Water quality characteristics for runoff samples are presented in Table 2 as mean and median EMCs and the coefficient of variation (COV) for each site. Median first-flush EMCs of all sites compare well with data from other highway runoff studies, including Barrett, Irish, Malina, and Charbeneau (1998) , Driscoll et al. (1990) , U.S. EPA (1983), and Wu et al. (1998) (Table 3 ). The exception is the lead concentrations, which were higher in the studies conducted before the early 1990s (Driscoll et al., 1990; U.S. EPA, 1983) . This can be attributed to the ban on the sale of leaded fuel for use in on-road vehicles by the Clean Air Act in 1996 (U.S. EPA, 1996) . Most recent studies listed in Table 3 , including Barrett, Irish, Malina, and Charbeneau (1998) , Wu et al. (1998) , and the present one, all reported low lead EMCs. The effect of banning leaded fuel appears to have not only benefited the air, but also stormwater quality. Factors Affecting Highway Runoff Quality. A stepwise regression analysis was performed on College Station site data to identify the relationship between highway runoff quality and several variables, including ADP, VDS, ATC, and rainfall volume. The initial regression model was as follows: Table 4 , for the College Station Data. It appears that ADP is the most significant predictor of most highway pollutant EMCs at those sites. Particularly, the R-squared values for ADP to predict TSS, total form of metals (copper, lead, and zinc), and COD are high. Although less significant, rainfall volume and ATC show trends that are in agreement with the literature-that is, the higher the rainfall volume, the lower the pollutant concentration Dorman et al., 1996; Driscoll et al., 1990; ) , and the higher the ATC, the higher the pollutant concentration Kerri et al., 1985) . The pollutant EMC was found to decrease with increasing ADP for all analyzed pollutants at the College Station sites. This is particularly apparent for TSS, total copper, total lead, total zinc, and COD (Table 4 ). Figure 1 shows the data fitted with a logarithm trend line, with R-squared values ranging from 0.45 to 0.61. For comparison, Austin data were also plotted to examine the relationships between ADP and log EMCs (Figure 2 ). However, no apparent downward trend was observed in the Austin data. The College Station result is unexpected and contrary to current thinking.
College Station Traffic Data. The observation between ADP and pollutant EMC relationships at College Station sites prompted a close examination of the College Station traffic data collected by the on-site traffic count facility. Table 5 Table 5 , approximately 8 to 9% of the traffic was heavy vehicles at College Station sites-a significant but not considerably high volume. On the other hand, Austin sites were mainly surrounded by residential land use, which may have a much lower truck volume than College Station sites.
Discussion
Pollutant Buildup and Removal on Highways. The presently accepted theory states that longer ADPs will result in a greater buildup of materials on the highway. It is worth noting that Irish et al. (1998) tested this theory by monitoring stormwater runoff on the Mopac Expressway in Austin, Texas-a highway that has curbs. Data were examined with regression analyses, which found a positive relationship between ADP and two pollutant loads (suspended solids and iron) and a negative relationship between ADP and COD, at a significance level of 0.05. They described the negative relationship as ''unexpected''. They also pointed out that ADPs were highly collinear with antecedent traffic count in their data. Because of limited evidence and collinearity with traffic, the findings from Irish et al. (1998) on ADP appear to be as inconclusive as those in current literature. Therefore, the aforementioned present theory requires further testing.
The inverse relationship between pollutant EMCs and increasing ADP for all analyzed pollutants at College Station sites was unexpected. Although the same result was not observed in Austin data, the College Station result should not be overlooked, but discussed, because the influence on stormwater quality modeling could be significant. The authors suspect that the primary pollutant buildup on the pavement of high-ADT highways occurs when the pavement is wet rather than during the dry period. Tire-generated splashes on wet pavement can wash off pollutants from vehicles. With continuous traveling vehicles on highways, the pollutant buildup on pavement is fast during the pavement's drying time, when rain is fading and surface runoff is no longer generated. After rain ceases, pavement could still remain wet, allowing some pollutant buildup on pavement.
During the dry period, pollutants on the pavement are removed by natural and vehicle-induced winds that move sediments and pollutants to grass shoulders (Asplund et al., 1980; Kerri et al., 1985) . Note that this experiment was conducted on highways without curbs. Volatilization, biodegradation, and chemical decay further reduce pollutants adhered on the pavement. The pollutants on highway pavement are eventually lowered to a steady-state, as seen in the logarithm trend lines in Figure 1 .
Effect of Curbs. The presence of curbs may be the key difference between this study and many previous ones, such . For a high-ADT highway, the pavement acquires rapid pollutant buildup at the end of storm events. If the highway has curbs, the pollutants would eventually be moved off the roadway and accumulate against the curb. Additional material could also accumulate during the dry period, and it would also be primarily against the curb. All of this material would be available to be transported during subsequent rainfall events. In contrast, on a highway section without curbs, the pollutant that accumulates at the end of storms would gradually be moved all the way off the paved section and not be easily available for transport, because it is captured in the grassy shoulder area.
Several studies conducted to examine the distribution of solids and associated pollutants on road surfaces also support this interpretation. These studies generally indicate that the majority of pollutants are located within 0.9 m of the curb (Laxen and Harrison, 1977; Little and Wiffen, 1978) . These materials accumulate in the gutter and are subsequently transported by storm runoff to the storm drain system. Conceptual Models. From the above inference, the authors hypothesize two conceptual pollutant buildup and removal models, which are illustrated in Figure 3 . The bottom curve represents the natural environment, and the top one represents high-ADT highways that have no curbs. In the natural environment, pollutant buildup may come from atmospheric deposition and primarily occurs during the dry period. The load continues to accumulate and may reach a high steady-state if no rain occurs. When rain occurs, it washes off the accumulated pollutant. The available load drops to a low level and resumes the buildup process again. The same model is assumed by several studies for the highway pollutant buildup and removal process (Vaze and Chiew, 2002) . The other model, for highways with no curbs, represented by the top curve in Figure 3 , is in contrast with the one for the natural environment. As shown in Figure 3 , pollutant load decreases during the dry period and further drops when a strong storm occurs. The load then rapidly increases during the storm cessation. For simplicity, the shaded areas under the curve can be considered as the pollutant load transported by stormwater. The load on high-ADT highways is significantly higher when frequent storms occur. With this conceptual model, it may be true that the pollutant loading from highways will be high for areas that have a high ADT and frequent rainfall, similar to what Sutherland and Jelen (1996) found in their Portland street sweeping study.
Limitations Resulting from the Use of Passive Samplers. The passive samplers used in this study collect water until they are filled and only capture a fixed initial volume, regardless of the total storm volume or duration. The samplers are designed to target on first flush, even though first flush is difficult to define. If a rainfall event is short, the captured water may represent the EMC for the entire event. If the rainfall event is very long, the collected volume may be only a small fraction of the total storm duration.
Because of the passive stormwater sampler used in this study, the reported EMCs, at most, represent the pollutant condition in the first flush. More studies are needed to understand the buildup and removal process during the entire rainfall event and the difference in processes between highways with and without curbs.
Conclusions
The 16-month field monitoring study investigated highway stormwater quality of two high-ADT (.35 000) highways that have no curbs-one in Austin and the other in College Station, Texas. Passive first-flush samplers were installed at the edge of the highways. Detailed traffic and weather data available at College Station sites were analyzed to determine factors affecting the runoff quality. A stepwise regression analysis identifies the ADP as the most significant predictor of pollutant concentration on College Station data; however, this was not observed in the Austin data. The College Station data show an unexpected result that pollutant EMC decreases with increasing ADP for all pollutants. This finding suggests reexamining the present theory that longer ADPs will result in a greater buildup of pollutants on highways. A new theory is proposed for high-ADT highways with no curbs, in which a large amount of pollutants stays on the pavement for a few days after rainfall. The pollutant buildup on pavement is the result of continuous traveling vehicles on highways during the pavement's wet period. During the dry days, pollutant on pavement is rapidly removed by natural and vehicle-induced winds, volatilization, biodegradation, and chemical decay, and it ultimately reaches a lower steady-state. This new theory, different from current understanding, is proposed to generate discussion and further investigation of the pollutant buildup and removal process during the ADP because of a potentially high influence on stormwater quality modeling. 
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